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This report was prepared by General Precision, Inc., Tarrytown,
New York, on Contract AF33(657)=9207, Project Nr. Lli27 with the
Aeronautical Systems Division, Wright-Patterson Air Force Base » Ohio,
The work was administered under the direction of Mr, C, Coombs of
ASD,

The work reported herein covers the period from 1 October,
1962 to 31 December, 1962 and was performed under the direction
of A. Bloch, Program Manager for GPI, Principal contributors were
L. Goldfischer and A, Miccioli of GPL and W. Davis of Librascope,

This report covers the second quarter of a one year program
ending 30 June, 1962,
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ABSTRACT

The purpose of the program detailed herein is the ultimate
development of multi-function sensors for space-vehicle guidance
and navigation, This second quarterly report contains detailed
discussions of the work carried out by the contractor during the
reporting period. A section is devoted to the theory of Fresuel
zone plates. Plans for the next quarter are discussed briefly.
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1, INTRODUCTION

The broad objective of the work reported here is, ultimately,
the development of one or more multi-function sensors for space=-
vehicle guidance and navigation, The more limited objective of the
present contract is the development of concepts and preliminary
designs in terms of their suitability for possible further develop-
unt work, ' '

Although the use of mlti-tunction sensors offers ‘some pouibiliw
of reduction in over-all system qiu, weight, and power consumption,

.the primary reason for developing these sensors is the promise of
-improvement in over-all system reliability. A single multi-function
" gensor may or may not be prefersble to the equivalent set of special-
" purpose sensors, A redundant set of multi-function sensors, however,
.. is almost certain to offer higher reliability than the equivalent
k /  non-redundant set of special-purpose sensors.

| “Another way.of improving system 'reliab:l.lity is through reduction

in the computing load, For example, a multi-function sensor might
" stabilise itself (function 1) by locking on to the celestial sphere
. (star-field tracking) and simultanecusly track a target (function 2)

directly in celestial coordinates, The alternative straightforward

_ approach involves star-field or multiple-star tracking to determine
‘vehicle oricntat.ion, target tracking in a vehicle coordinate gystem,
“and conpntatd.on to convert the observed (bow-nnl) target coordimtu .

to absolute (celestial) target coordinates.

For the present, at least, the program is linited to the field
of optical sensors --- but with no restriction to the visible portion
of the spectrum, A further limitation of the initdal work is that
the sensor functions conoid-rod ‘should be appropriate to operation
in cis-lunar space.

1=l
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Two sorts of multi-function sensors come immediately to mind,
One is a GPL correlator with presently-available terrain-matching
capability and with, at least, added star-field tracking capability.
The other is a combination of TV pickup and edge-sensing capabilities,
making use of Librascope techniques, Most of the work during this
quarter was oriented toward the first of these,

l.2 |




2. BACKGROUND

By the end of the last quarter it was apparent that one
interesting possibility for a multi-function sensor might be a )
combination of the existing terrain-matching capability of the GPL
correlator with the star-field tracking capability under development,
On this basis, one obvious area for effort in the second quarter was
that of bringing the star-field tracking capability up to a level
approximating that of the terrain-matching capability.

It was tentatively decided during the first quarter fhat the
program would aim primarily at exploitation of the GPL correlation
technique to the exclusion of the Librascope tecbnique, Une reason
for this decision was the relative simplicity of the GPL technique,
Another reason was the fact that the Librascope techniqué i8 presently
undergoing further development and refinement under other conp;acts.

A second area for work diring the second quarter was that of further
consideratioh of this decision with a Qlew fo confirmation of our

earlier conclusion,

On the assumption that the program would f{inally be strongly
‘oriented toward the develoument of star-field tracking capability
for the GPL correlator, there were a number of unresolved questions

at the end of the firs* quarter,

a) Can the GPL correlaﬁor look directly. at the star field
(as the terrain-matching version looks directly at the
ground), or will sensitivity linitations impose a requirement
for electronic image intensification? ' . |

b) If image intensification is required, should this be poste
correlatinn or pre-correlation? )

. ¢) If pre=correlation iﬁage intensification is used, should
additional functions be allocated to the aptical front end
(image translation, etc.)?

2=1



d)A Is it possible, in the present state of the art, to design

. an electronic equivalent of a mechanical gimbal system?

Such a system would eliminate the requirement ior many of

" the moving pa”t° in the GPL correlator,

In the l*ght of these outs'anding questzons, and oi the decisxon

to press on with development of the star-field tracking capability,

the second quarter program was directed toward two major and two

é)ﬂ

minor objeftiVes.

A major effort at GPL, was devofed to further development
of the tar—fleld reference. '

A minor elior bPL was devoted to tne que:stion of . .
characteristica and eneryy levels of typical snectral stare - .
field tdrgetu..‘

A major efiort av- LibraSCOpe was devoted to ﬂscnrtainlng. -
' the state of the’ art in the field o 'Optlcal/électronlv:-_
"transduceru.‘? ' " ”

A minor effort, at LibraSFOQQ.”wé«ldéfoted'to thé'specifib o

“ . qunstion of the possibllity ni dcvnloplng the electronic

 equivalont of a gimballxng ystpm. :

Detailed *egul %3 of the work in tneue areas are dm;cussed in

,;' the following section of this report. -




3. WORK DURING ThHE C“hnENT QUAKRTER

_ Work during the current quarter (0'tober; November, December 1962)
was essentially in accordance with the four~pronged effort ment1oned
in the precedlng seutlon. Sign:fxﬂarr progress was made in each of
theae areaso,

3 1 Star»Fleld Re;oz-nfa

. By the and of tha last quarter szgn¢1icant work had been
'accomplnshad toward two tyoee of star«field references. One of ,‘”
‘ 'theue consists of a photograph of a set of Fresnel zone pla tas,
one for. each ‘star,. The otner consists oi a spherical metal shell

i carnylng a separate Lon° ior each star° :

3 1 1 Zona—Platc uefcrencd.

‘ - Fabrlcatlon of- a successful zoneuplate reference R
for use w1fh a 51mu1atcd star field obvxously depende on the” . ’
' avallabllity 01 ‘Fresnel zone plate: oi suitable size and focal 1angth

f"By the end of. the last cudrter fab”Lcation technlques had been _

udwnced to the poxnt of gucceusfal produclng a Fresnel zone plate
with a focal lengtn of 6 inches hﬁ{ing 100 zones in a- l/h inén’
dlumeter.’ Fired by this eucceas GPL proceededlto develop iech-‘jf
niques for fabrzratlng zone plateo with a focal length of 8 inches

-hav1ng hOO zones Jin 2 l/) 1nch dJamefer, .

The superlor performance inherent in the hOO-zone
Fresnel plate, as compar:d to the 100--zone mcael, is considsrable
and justifies the new efforte A four-fold increase in light
gathering capacity is anticipated as a result of doubling the
diameter. In addition, again due to doubling the diameter, thé
area of the image spot will be reduced by a factor of four,
The combined result of these two effects-is expected to be an
increase by a factor of 16 in brightness (lumens per unit area)

‘es,



of the image spot compared to that achievable with the 100U-zone

plate.

_ Even nmore significant is the fact that the
theoretical brightness of the imapc spot with a LOO-zone 1/2 inch
' Fresnel plate is 61% greater than that which may be achieved with
‘a conventional 1/ inch lensol_Overlapping zone plates when used
in a starwfield referende wiil, of coufse, reduce this improvément
somewhat. On the other hand, however, it i expected that the =
number of stars which may be represented dn the reference'
Cwill nqﬁ'be'physically limited as will be the case if conventional
leQSes'arefemployed. Hence, succassful development of a Lbo—zone
plate should provide the possibility of a F;esnel zone plate

‘reference which compares favorably with a lensed version.

Previously reported zone plates were first drawn

to large scale and then pnotographxvally reduced. The dlmensions .-' )

'“vaand tolaranres assoc1ated with the outer rlngs of a h00~zone plate

a:‘preclude the use of art work, but are within the capabilities of

- macnanang operauluny. ‘Therefore the larpe- qcale mndel for the hOO-
,one p;ate wab maChlned from a blas -anodized alummnum 31y plate.-
"-Lue sesult was an Lt 1nch diametwr Mdovcx uuuc pldte nav1ng uuu

alternate biack and aluminum zonCw.

, ,. o Iq1t1a1 antempts to iabrlcate the desmred 1/2 inch -
Jzone plate in the laboratory.by double photographlv reduction from
<;the 18 4nch master were not suscessful, nowever, :urcessful .results

'-.‘were obtained by the GPL Fhoto Lab, uszng equ;pment of higher

--151on. An exoerlmental star»fxeld ‘reference was then fabrxcated -

-r'_usi’ng 20 of the 1/2 inch Fresne) zone plates positioned to represent the .

‘brightest stars in a region of the sky around Polaris. This
freference.wlll be tested in the lzhoratory against a star~field
- simulator which contains a~large number of stars (20 of which ars
thosé associated with the reference) from the same_ceiestial region,

- G
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The zentral diff-action image formed by a Frasnel
‘zone plate lies in a backgrouni of light which passes thrbugh'the
Zénp.pla te without teing diffrac cted, By b;ocking out the central
- porticn oi tne iome pxate. At is posgﬁble to effact a sharp reduction )
“in the baukground (near the en er of the field) whlle reducing the
{-1nten51ty-of che 111"’utlon xmapH onlv slightly. This effect was o
‘.vprLfied on ,,gﬁﬂgia 26n e.pl and second ataf~f1eld reference
-was iahrlvaced us 1rg moxiilei F esnel plates (with opaque. cenuers)° |
. As expeuted thu sxgna’nun-baukyrnund ratio of the central spot in

}'A'the qtar~f1e, : orrclat;on 1magn was markedly enhanced,

5 ‘ A"emp*« we“e maden us1ng a point detactory to make
a. ouantitatlvn aneab‘gatAon ot the pattern formed by . overlapp*ng B
fzone plates.“ Thiu work was cLa"ted late in the present, quarter

'mjand n0531gnL*4rdn ;vﬁsu;LJ Were obnaxned. It will be. contlnued

-in the ne thuarter,
_ ' "A»d sCus 'nn of the theony of the F”esnel bane
Uplato has oecn pxepated and 1~‘1ncorporated in this report as

} Appendlx A

3.L.2 Lanaﬂd Heferenf

. . Thn snherlcaow hﬁll for a lensed reierence’w55'
- fabrlcated during :aL- quartpr,' Thxq reference models the same

.'reglon of tha sky as vna Fresnel plate reference descrzbed abave,

l } Otner Referencee

Con91deran10n wWas glven to the poss*bwl r,of,f 
iabrlcatlng a. lensed reférence by plastic moldlng, but it was

'3“, dpclded not to eypend any efforn in this dlrection.

3 2 Spevtral Character;stxcs of ”tar Fields '

. Some work was done af GPL in the ‘general area of spectral
characteristiro and energy levels of tvplcal star fields at which

33
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the aur-ncm tracker might look, The :u?nduu outcome of this

study is a conclusion that the state of the art in detector
sensitivity is mh that some sort of image :Lnunuification vill

" . be roquired to provido the G?L comhtor with £ ata.r-tiold
=':-'.1t.raek1ng c.pabnit.y. ' cE : '

'nu results of thia study are. :anludad as Appondix B of |

this report. Tbe atuw itself: was. ‘very brict ‘and is only a first
"h"‘pua at the: problen. Its adm,. homor, vas merely to provide an
‘lnmr ‘to the’ question of ‘whether or- not mgc munniticltion

’ .'\d.ll be required. For thia purpou it ia adequat.o. '

33 suiv uivey o gzucn l‘mt-lnda |
A nodorately cc-prehensive survcy or optical/oloct-rcnic

* transducers was made by the Librnscc»pe Division. As.a result of

this study, the following conclusions were reached. o

a) Adequate light unplification is available to nake star-
- fleld tracking feasible for the GPL comhtor. -

b) . The resolution of available imge munai.tiers is such
" that they should be a\ployed in a post-corrolation configuration,

¢) Because of rolative]y poor resolution and limarity, electronic
‘image manipulation should be considered as beyond the presant
- state of the art. Iy this. buu, the GPL cdrrelator should
: look directly at its targets and lhould -ploy po.t-oomhtien ’
‘.jmo mtmciticaum as rcquind .

d) Nrthor, bccauu of poor ruolution md uncmty,

o pu&ionavdhbhfrmthoﬁbmmnhumu&-
niquiuprobnblyuhrior, at present, to that availsble
from the GPL technique. mnbranopo appmuhull,
hmu,ummmmmmumma
umhﬁmhnotamhcabh-—-odnmhgndﬂm
. 4n particular = and current development of the technique

ey
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will be followed,.
An abbreviated report of the Librucope work 13 included

" as Appendiz c.

.h !loctronic ommgg .
u & ruult ‘of the stuw discuaud nbove, it wu chcidnd' .

,l that uw cc-prohensive attenpt at elect.ronic gilballing is beyond

the present. state’ of ‘the art. No rurther work will be dene in thiaA_ '
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L. PLANS PGB THE NEXT QUARTER

-Plans for the caming quarter (Jn.nuary N rebruary, March 1963) are
brieny outlined below, .o

* ST GPL Work will be cont:l.nued 1n the general area of ‘the atu'- .
ﬂ B ' . ot ﬁeld ‘tracker with emphasis on thc Presnel sone plate refennco.

f‘ s ‘In particular experimnul lnd theoretical studies of - the
B Domnd '.behavior o.f onrhpping sone phtu aro cont.uplatod.

R R A
. 3 . t. ) h .

-GPL ‘A ahort. study will ‘be mda cover:l.ng fhe poasibility ‘of
Sl "*'.nonat.andard orperat.ion of the GPL comlator. One area of
, sy int.erest j.a the posaibility of umul operation by an op‘utor

RSN %o whom mitable error sign&lu m displmd Anothcr area.
AT of :Lntorut 1s ‘the poui.bility ot dcvelop:lng talo act.a of error
NI aignala (appropriately labeled by uodn.uuon) — ons set to
R v be.used for ata.bilizing tho instriment; and a ucond set to be
[ o -."used fer tracking a cooporating target. e

ey A e

5o e
_ —

W U RN a cooporativo “vehicle for the purpon of offcct.ing rendesvous,
VR '.'"t"';It 1- ‘héped “that Justification éan ‘e developed for tracking
s - i ’ such a nhicle direct]y in- absolute (colnt.ial) coordinatu.
T T Librasoogg Sou work will be carried, out in the area of star-
T T peda apecira and energy levels, backing up the first pass wich

“'__' g K - -. ':L: 1nc]nded as Appauﬂx B of this rcport

f . . '5.?:. ; . 'L:l.bmcog! A br:l.uf roport. wvill be proptnd covering recent
o e h " "work ‘on the pass-point instrument and contour plotter. This

1 2 Wil lupplmnt. Appendices B and C of the First Quarterly '
| Beps,

,"'ffGPI. consideration \d.ll be given to the genoral probhn of tracking .-




APPENDIX A

. FOCUSSING PROPERTIES OF FRESNEL ZONE PLATES
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Y dium of a Fresnel zone. plate appears in l':lguro 1, Optquo sones .

", (sero transmission) are shown hatched while ciear sones (unity trm-.udau),
. are’ unhatched, ' The radii of the transitions from ‘clear to opaque and

‘vice-versa are chosen. to make the difference in path lengths from the

' 7 . focal .point ‘of the .3one plite to the two edges of any sane equal to ane.

" half, molcngth at. the operating tr%ﬂuency. ‘Numbering the transitions
‘".as in Figure 1, the radius. ot the m tranaition, Tps is cllculatod frm
T the re.l,ationahip

. where the factor in the radica.l is the path longth from the nt'h transition

‘to . the focal point, f 'is the focal distance and ) is the wavohngtb of
‘operatzon. In a prag.t.ical 2one plate ,

for all values of m,-leading to‘t‘pév a':pptnjximt_ion}

+ rm2 -“\/ 1+ (r _-/f)z -t{ L+ %! . (3)

L Ap';'alyin_g-thi's:approgd.uf.ion jt;o,(.l.) yields . ‘

r 8

5 '_‘5"{ (4)

-oor

.n'l'he area of each zone 1- nry nurly tho nn as that of w othor m,

. as can be seen by calcuhting the area botwnn t.mium n and 1-1.
H ,Th.il ie

i 3 ',&('rmé - i'nal) = "= - [m-1] 02) |

(6)
-.Wﬂ .

RERE where vse was made of the approximation in (L),
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'I‘he illuminance at the focal point of the sone plate 1: d.temi.nod

" 'by squaring the vector sum of the contribution from each clear sone.

Since all clear zones have very nearly the same area, and are (for a

. practical wone plate) at virtually the same distanse from the. focal
.- ~-point, the contribution of each sone will have the same magnitude, The
: 'construction of the sane plate assures that all zonal contributions wi.h
. &dd ;in phasé .(the opaque gones block out the out of phase contributions),

Hence ;- 1f the vector contribiution of the first zone is k and there are

oo cleax zones, he tobal vector magnitude af the focal point will be nk,

The ventor contn ion of cne firat zone my be found on the basis

. ‘of 'a rather simple. argument due’ to, Freenel, . Imagine that the sone plate
' is replaced by a.variable iris ‘which is firsv.closed down to the diameter
" of the first zone and then.opened in: ateps so that its circumference

coincides vith the next larger zone trmition at each step. lLet the

. 'iris be illuminated with axial columated light and observe the magnitude
“of the vector intensity.at each.step, At the first step. the magnitude

will be k and av the second’ step 1t will be ‘nearly sero, In general, the
magnitude wili rise on 9ach odd numbered stsp becauss of the addition of ,.

__“the contribution of & zone in phise with -the first sone and will fall on

each even numbered step because. of the’ contribution of an out of phase

' jone, However, each rise and fall will be slightly less than the one preceding
. it because of the obliqui .y factor (1 +'cos 6), where 6 is the mgle
_ between the incident !llumination .and the direction from s ‘given sone to

the focal point, (The.obliquity factor combined with Huygens' comstruction

" ingures that 1ight will be propsgated- only in ‘the foreward direction.)

Since the obliquity factor varies slowly; ‘a-plot of the vector magnitude as

. a function of step number would appear to oscillate with diminishing
. amplituda around the value k/2. Thia 1a illuatrn.od in Pigure 2.

" When ‘the iris opom.ng becomes mdotiniul,v large, the vector intensity
at the focal point becomes k/2 and the illuminance at that point becomes

. identical with the incident illuminance, I. Hence

~f—~1 o o

'fand the 11luninance at the focal point of a sone plate with n clear sones

is
1,0l ke 0?1 (8)

where I is the incident illuminance on the sone plate,



The diffractinn pattern appéaring at the focal point of the gone
plate when iliuminated by an axial pla.ne wave is analyzed on the basis
of the geometry of Figure 3. The vector intensity at any point in the
focal plane,.at a displacement Y, from the focal point is

.' C | %y, 8in 8 ~
Ve [ s(p) dp exp - de (9)

whére C is a constant to be ad;juatad in conformation with (8),
' . R is the outermost radius of the zone plate
.S{p) is the transmission of the zone plate along a radius and is
glven b" :

1, viif e € ofim+ 1) Af

n= Op 2, h) see

Lo VE D w o «V@r 2

If the function S(p) were plotted as a function of p2, it would be seen
to be a square wave with a 50% duty rati:, peak to peak exsursion of
unity and average valye of one half, Hence, it may be expanded in a
Fourisr series-mth'p‘ as the variable and with a perdod of 2 Af to yield

S(p :‘.—-1-‘% Sin% ‘f%‘ m&-*...
*'}2: + %‘ _>_ W——Tj exp f(2k - l) J" 92/\1'] - (10)
- k = ..

Substituting from (10) into (9) and rearranging yields

/R [
. 2 ,‘ 2
Vet p{m_fmm ¥ E__ s 2y /rt]
) ko o
414

. axp [-J2npy sine /] de (11)

A



The kermel of the sscond integral may be expanded into a serles with Bessel
. function. coefflclents as below:

' l — Qﬂp 7o sin 6-i 2"p ¥,
axp | i — 4\1 .2
‘ ; ‘ : q=1

—“3_5_ )("py |
2?* sin (¢p - 1) 6

cos 26

(12)
Hence, thg sééond.integra; ;edgces £o ‘ |
' "‘2"pyo sin 8 , R 5
/exp Eﬁ —= :]de -27J°:\ (13)
Now, subsﬂ;ﬁutiﬁg frbﬁ'(13)'intoA(ll)3yielda-
"y, /zs;r
Vu.._..i_ (79(1‘)4- j poxp [ ]
. R, :
R f
___Lf Zawzkm[u) I
(k)
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In the vicinity of the focal peint (y =~ o) the first term on the right

side of (14) is dominant and the others may be neglected. The justification
involves the fact that Jo (e) = 1 when € is small (as it is when y_ = o)

and that the exponential quantitiss in the last three terms oscillBte many
times over the range of integration yielding integrals which are nearly '
zero. Hence

V(y, > -- | dp
2"oy. "ﬂpyo 2y,
o2 T o\ ) ™|

2y p oy R N (15)
C@" ,"1(‘522 |

5&2

2 I
:U

250 r). 2"y, a>
R "yo e
-
If the zone plate containa n clear zones
) o | , _
Re Aan+ 1) fn - (16)
. Therefor A ‘ . ' ,
dyy -t A VELT /RO (17)
~ (eny, ¥&@+T /)
The constant C 1s‘evaluated by setting
i 2 2
iv(o)}| = n® I (18)

from (8). Substituting from (17) into (18) yields

A<b



2 |J.(0) 2
LC 1 LG 1 2
P2 )l - el
or 02 - hﬂ2 n2 I , (19)

Hence the diffraction pattern in the focal piane isAgiven very nearly by
| 2

Jl(?ﬂy Vasl [/ VB
L (eny_ v+ 1 / vIX)

lV(yo - 16n I (QQ)

‘:; A plot of equation (20), normalized to the value at the peak, appeafs in

Figure A-L. The main lobe of the diffraction pattern is seen to be more
than 20 times brightsr at the peak than the maximum brightness of the first
minor lobe.

" The first zero of the (x)/x function occurs when x = 3,83, Hence,
the main lobe of the diffrac%ion,pattern is confined within a radius, Ty
given by C -

2&; ’.VE + 1
‘ — . ® 3,83

or r
B (21)

This result, i.e. the shape and sinze of the diffraction pattern, is
identical with what would have besn the case if a lens of redius R and
focal length f had been used in place of the sone plate, However, the
light gathering power of the lens is gresater than that of the zone plate.
All of the light incident on the lens appears in a diffraction pattern
like that given by (20). The zone plate rejects half oY the incident

A-7




lignt immediately (by virtue of the opaque zonee) and places part of the
remainder into non-focussing diffraction orders. This is the significance
of the terms of (1)) which were ndglected in arriving at (20). The first
neglected term represents & portion of the incident plane wave propagating
straight through the sone plate, attenuatad by the average transmission
alone. The remaining neglected terms reprssant waves conferging to

real foci at £/3, f/5 etc. and diverging from virtual foci at -f, -£f/3,
~-f/5, etc. The total power in each term, i.e. both the term representing
povwer which comes to a focus at f and all other terms,is proportional to
the square of the coefficient of the corresponding term in the complex
.expansion of S(p) in (10). Since ‘

1,3\ .1 | (22)
L ;’zk 1‘ (&__1)2,2

and since thokaquar-fof the coefficient of the term which comes to a focus
~at £ is RS o ‘

[ s )
2 2
-0 oo

the perdéntage’of the incident power which appears in the dominant diffraction
pattern is : ' -

S

 Hence, the zone plate has about one tentn the light gathering power df

a lens of the same aperture, Conversely, a sone plate produces a diffrection
image about ten times more concentrated than a lens of the same light '
gathering power, - In addition, the sone plate being {in a sense) an
infinitesimally thin lens, its off-axis focussing will be accomplished

with significantly less aberrations than those encountered in a real

" lens, o - :

The distribution of the power appearing in the dominant diffraction
pattern is plotted in Figure A-5, The ordinate of each point on the curve
gives the percentage of the total power (in the dominant pattemn) that
lies within a circle of radius x around the focal point, Here

A-8



x_2"yo 2n + 1

and y 1is the actual radial distance in the focal plane. The curve in

T*‘:Lgurg A-5 was derived by iategrating equation (20) over the focal plane
" and then normalizing by 1/% times the total po'iar‘mclaont on the zore
plate.' Thus.. -

o IV(y°>12 Yo ¥,
- X total power -w

2 17:2
T 2
! Yo bzwa/m' e
0
8,, 2 ( r'3J,.( a1 °
@“)J
d'. |
(Zn * 1) .

l/ R EC)
Z s |

In ;rriv'ing l.t (23) libcml use was mads of equation (16) rolating l, n and
 Baquation (2) vas integrated numriuu;r using the tnpuoidd rule, .

Tho plot in Figure A=5 shows that the main lobe contains & roa:lnt.ly
. 84% of the power in the dominant diffraction pattern, while 50% of the
powsr in this pl.t‘bom is oontaimd within a oircle whosa rtdiul, rh, ie

given by .
Z”h/EK_‘r = 1.7k
e -*-nf-@;?f

o De211R

*h 1
r® ru

| (23)

or
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APPRNDIX B

AVAILABLE POWER FROM STARS




l Selection of a suitable detector for star field tracking presupposes
a imowledge of the spectral content of star light and the transmission
characteristics of the lenses (either conventional lenses or Fresnsl
[ sone plate transparencies) as a function of wavelength., A detector

?
i
!

with a spectral response which maximizes the relative system sensitivity
can then be selscted, Absolute system sensitivity would then be
primarily a function of star statistics and would determine the need
for image intensification.

Other factors must also be considered, The detector in a
multi-function sensor must be compatible with more than one function,
For example, it may be desired that the same detector be suitable
for terrain matching as well as star field tracking., Then the
spectral content of reflected sunlight from natural and man made
objects must be considered in conjunction with tne spectral content
of star light.

[ Reference [1] indicates that there is little correlation between
. apparent brightness of a star and spectral type, and that more than
99 percent of the stars belong to spectral classes B, A, F, G, K,
| . and M, By means of published data on the percentage of stars (from
: the Henry Draper Catalogue) of the principal spectral classes, the
color temperature of stars of various spectral classes, and Planck's
. formula for the intensity of radiation of a black body as a function
of wavelength, the spectral content of star light was estimated.
Table 1 gives the results relative to the intensity at 0.l micromn.
It should be noted that ultra violet radiation predominates,

TABLE 1
f ‘ Relative Spectral Content of Star Light

LS : T

" (microns) | 0,01 |0 0.2 {0.3 |0k |05 [0.6 0.7 08 to.9 10 ;1a
i Lo 7.7 i 3.612.2 {1.3 {8.2 5.8 (k3 131 |2 [1.8
: B x 1| x xX. X x x x x x x x

j 100 © 1107t { 107h207 | 2072 i 1072|1072 | 1072 {102 |1072 [ 2072
| : R H 1 l

™

Star statistics have been briefly investigated during the past
two months, The emphasis has been on galactic latitude 90 degrees
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where the star density, number of stars per square degree, is a minimum.

Based upon published data on star densities, the number of stars per

square degree at galactic latitude 90 degrees as a function of visual
magnitude has been calculated and is presented in Table II,

.TABLE II

at Galactic Latitude 90 Degrees

‘Star Densities as a Function of Visual Magnitude

" 1=1/2 [1/2 11/2 |2.1/2 {31/2] L1/2 }51/2 |61/2 |11/
v to to to to to to to to to
1/2 11/2| 21/2 |[31/2 |L1/2] 51/2 [61/2 |71/2 |8 1/2
632 2,06 8s35 | 2.67 | 1404 | 3.02 7.78 2,23 | 6.04
No/sq. dege ) 3
105 |10 | 100 100 1072 | 102 |02 |100 | 10
" 81/2 [91/2]| 101/2|111/2 {12 1/94 13 1/2 |1k 1/2(15 1/2] 16 1/2
v to to to to to to to to to
91/ |101/2) 111/21121/2|131/9 1 1/2]|151/2|16 1/2] 17 1/2
1.9 3.8 7.25 1,32 2.3 3.65
NO/Bq. deg. 1059 3.99 8.37 X x b 4 x2 b 4 2 p < 2
' 10 10 10 10 10 10
M 17 1/2 |18 1/2| 19 1/2 |20 1/2
v .1 to to to to
18 1/2 {19 1/2} 201/2 |21 1/2
No/sq. dege. 6'25 1‘2; 1'1'2 1':2
100 | 10 100 | 10°

B=3




Assuming use of Blectro-Optical System's RI'T XY20B as a detector,
the number of stars as a function of visual magnitude required to
yield a unity 8/N ratio for a 1 cylce bandwidth system employing
1/L inch apertures in the star field reference was calculated and
is sumnarized in Table III., The field of view required to provide
the necessary number of stars is also summarized in Table III.

e n e e S YIRS W .
— ey

TABLE IIT
Number of Stars and Field of View for Unity S/N Ratio
5 Number of Stars Field of View
0 2,65 Lol9 x 10“ 8q. degrees
1 6.65 3.22 x 104
2 1.67 x 10° 2x 101‘
3 419 x 10 1.57 x 108
b 1.05 x 10° 1,01 x 10%
5 2,63 x 10° 8.71 x 10°
. 6 6.6 x 10° 8.L9 x 10°
7 1.66 x 10° 7o x 103
8 4.6 x 10° 6.8 x 10°
9 1.05 x 10 661 x 10°
10 2,62 x 10 6.57 x 10°
n 6.5 x 10" 7.86 x 10°

Admittedly, the data of Tables II and III (and also Table I)
were derived by means of rough calculations and approximations,.
Their value, however, lies in the "feel™ which they provide for the
problem, thus g new areas for investigation., As a result -
of the data of Tables II and III, for example, it becomes evident
that image intensification is necessary in a feasible system design.

- REFERENCES, APPENDIX B

(1] Russell, Dugan, Stewart; Astronomy II, Astrophysics and Stellar
Astronosy; Ginn and Company, 1955.
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APPENDIX C

SURVEY OF AMPLIFYING OPTICAL FRONT ENDS
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An image intensifier tube usually associated with electronic
light amplification is basically a multi-stage cascaded imsge
converter using magnetic focusing of the electron image on a thine
film window to couple between stages. The thin-window coupling
has phosphor on the first side and a photoemissive material on
the second side so that the image is optically coupled with a
minimum loss of light and image detail, It should be noted that
the input cathode must be a photoemissive material, and as such
is limited to shorter wavelength energy of less than 1.5 microns
making it useful for sensing bodieg which emit or reflect energy
from black bodies approaching 4OOO'K, Thus it would not be
applicable to sensing features on the dark side of planets, which
is a limitation common to detectors employing photoemission such
as photomultipliers, These image intensifiers have the advantage
that the entire photosmitted image is accelerated, magnetically
focused, and magnetically displaced in a manner such that the
whole of the image is continuously available and may be subsequently

optically correlated. Techniques for rotating the image electronically

are not readily apparent; since each element must be displaced
proportional to its radius from the center, a rather camplex
electromagnetic or electrostatic process would be required,

Newer techniques for image pickup and display employ solid
state techniques. The image is sensed with a photo-conductor (PC)
that is electrically coupled to an electroluminescent panel (EL)
which displays the converted image. With proper spectral matching
of the EL-PC, optical feedback may be employed. By selection of
materials, impedances, and time constants, various memory conditions
may be established., These techniques are presently limited in
resolution, Librascope had developed materials which sense ultra-
violet, display in the wisible for up to ten minutes, and are erased
by infrared, Resolutions of 5 line pairs/mm are possible with this
technique as compared to 15 to 25 line pairs/mm for typical image

. intensifier tubes. (Phosphor currently being developed for typical

tubes may yield 115 line pairs/mm, but the efficiency resolution
product is about the same as for P-20 powder screens,)

A review of image intensifier techniques discloses a tremendous
range of sise and characteristios in these devices. Emphasis has
been placed upon seeking a small intensifier, although versatility
is also a major consideration, One of the smallest devices
to image intensification is the Bendix contimuous-chennel maltiplier
(Reference [1], pp. 211 and 219) which is & cylindrical tube
0,02 inches in diameter and 0,0l inches long., It is conceivable

that an array of thess small devices could be used as an intensifier,
or that they could de in groups to recognise a star pattem,
although their application is presently limited by =mall »
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angle of incidence of the radiation, and sensitivity to ultra=-
viclet, Because of its small size, some of the limitations of
this tube may be overcome by coupling it optically to a small
image converter tube like the RCA 691k (1,75 inches in diameter
and 2,75 inches long), thereby in effect achieving an optical
aperture, or group of apertures that may be selected, similar to
the electronic pinhole in an image dissector tube like the ITT
118 (2.0 inches in diameter and 6.25 inches long, with a cathode
diameter of 0,75 inches).

Although the glass envelope of the image converter is more
compact and the combination of components more verasatile, a major
difficulty may result in attempting to significantly deflect the
image due to the greater photocathode diameter and accelerating
potentials associated with the image converters and intensifiers.
The accelerating potential of the RCA 691L (Reference [2], p. 160k
and Reference [3]) is 16,000 volts for a conversion indux of 30,
Therefore, a low response deflection coil with many fine turns would
appreciably increase the size and weight of the system. Tradeoffs
between performance with lesser voltage gradients versus deflection
requirements would need to be evaluated, This problem is common
to wide photocathode image deflection systems where a high
accelerating potential is relied upon for accurate focus and high
efficiency-resolution product. Intensifiers which employ a
sequential scan readout where a small interrogation beam originates
from the neck of the tube are more easily controlled.

Devices which employ both the principles of image intensification
and sequential scan readout such as the Intensifier Orthicon (Refersnce
[1], p. 323) are excessively long (3.5 inches in diameter and 29
inches long). Their length is due to the fact that they are designed
for low light levels such as +22 magnitude stars and, therefore,
have high image intensification to overcome subsequent readout beam
noise., Other devices which overcome readout beam noise by other
means are the Isocon (Reference [1], p. 43) by subsequent multiplication
of only the electrons scattered from the specularly reflected
beam, and the Exitron (Reference [L], p. 306) which integrates the
photoemitted image information befure it is scanned, The Image
Orthicon includes integration of the photoemitted image and also
subsequent multiplication, and is consequently longer. Thus, therse
is a wide variety of tradeoffs between exceptional light amplification
and simplicity in the image sensing device.

Gebel points out in Project Cateye (Reference [5], pp. 56 through
63) that an image converter does not increase contrast, and that

G=3




[~

'
P——

[ JS—

resolution is traded for sensitivity in cascading stages directly.
Sequential light-amplification which has the ability to add and
subsequently subtract information or to utilize derivative infor-
mation may eliminate background, improve contrast, and sharpen
edges, point sources, or moving targets (Reference [5], p. 58,
Reference [ 1], p. 79 and Reference %6], p. 560), Simple back-
ground subtiaction may be used to sharpen stationary edges and
points by defocusing the zubtracted image. This may be employed -
by subtracting alternate images (Reference [5], p. 57) sequentially,
or to a limited extent by a balanced subtraciion of ome color from
another (e.g., IR from UV) on a real time basis where the spectral
characteristic of the background is known; however, backgrounds are
seldom cooperative,

For horison sensing against the earth, there exists a thermal
gradient through the atmosphere and atmospheric windows through which
the Barth itself may be sensed, These present a variety of criteria
for distinguishing a particular horison condition from false cloud
reflections or some other portion of the gradient. The mean
temperat of the upper atmosphere is abgut 220K, with lows of
about 205 K, such that a threshold of 200 K detected against a L
sky establishes a horigzon in the upper atmosphere, This condition
gives a peak radiation of 15 with ground level radiation (through
the 8-13u window, peaking at 10u) superimposed., Although many '
horisgn scanners emphasize this upper atmosphere horizon in theory,
a 200K body does not radiate much energy and detectors are not
very sensitive in this region so they actually rely upon the rein-
forcing energy through the 8-13, window, This causes a vague horison
dependent upon relative contrast. The higher temperature of the
Barth's surface radiates three to four times as much energy with a
spectral peak in a region where detectors are more sensitive,
Accurate horizon sensing at the Barth's surface depends upon sensing
the contrast near the surface dus to the adiabatic temperature
gradient, The contrast between two temperatures over a narrow
spectral band stands out most readily when contrast is sensed on
the steep portion of the black body curve (Reference 4], p., 258)
at wavelengths shorter than the spectral peak., When au observatiom
of contrast is desirable, thermal imaging combined with techniques
for contrast improvement offer interesting possibilities in viewing
the Earth through the 3.0 to L.Ou and/or L.5 to 5.0u atmospheric
windows, The lower percent energy available in these limited
regions is compensated for by a slope more applicable to sensing
contrast, by more sensitive and versatile detectors, by a wider
variety of optical materials and coatings, and by the ability to
decrease radiation from surroundings by moderate cooling.



Infrared pickup tubes have various spectral response: (Reference (21,
page 1607) and sensitivities depending upon the materials used. The
more recent developments are classified and presented in the Proceedings

of the Infrared Image Symposium. These image tubes also offer a
compromise between star tracking of red stars over a broad spectral

band, thermal sensing, and horizon sensing, Thus, sequential
and correlation offer the possibility of including the functions
required for Earth-centered navigation. The dark side of a lunar

orbﬁ: is more difficult in that ths temperatures require sensing of
150K, but there are tradeoffs in that the moon has no atmosphere

and its radius is less, so a lesser angular accuracy may be required
for equivalent orbital altitudes above the lunar surface,.
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